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Synopsis



SYNOPSIS
The thesis entitled “Studies directed towards the synthesis of Clonostachydiol, Bryostatin and Nucleophilic addition reactions on p-qninones” has been divided into three chapters.

CHAPTER-I: This chapter is divided into two sections; Section A and Section B. 
Section A: This section describes the introduction and biological activity of cytotoxic macrolides and approaches cited in the literature towards the synthesis of bismacrolides.
Section B: This section describes the stereo selective synthesis of Clonostachydiol.

CHAPTER-II: This chapter is divided into two sections; Section A and Section B.
Section A: This section deals with an introduction to cancer, including some of potent anticancer marine macrolides and the approaches cited in the literature towards the synthesis of bryostatins, including the total syntheses.
Section B: This section deals with “The studies directed towards enantio- and stereoselective approach for the synthesis of C17-C27 fragment of Bryostatin 10.”

CHAPTER-III: This chapter describes the development of new methodologies for “Nucleophilic addition reactions on p-quinones.”









CHAPTER-I
Section A: The cytotoxic compound Clonostachydiol is a 14-membered bis-macrolactone was isolated from the marine alga-derived fungus. Fungi from the marine environment are well known producers of novel and pharmacologically active secondary metabolites. Clonostachydiol 1 is cytotoxic, active against bacillus subtilis and the fungi Trichophyton mentagrophytes and cladosporium resine. The drug is obtained naturally from a species of marine algae-derived fungus, but recovery of the drug from this organism is poor. The promising biological activity and the unique structure of this family of macro lactones make them attractive synthetic targets. The absolute and relative stereochemistry of Clonostachydiol 1 (Figure 1) was established by Rama Rao et al. Clonostachydiol 1 is structurally related to colletol family.










Section B: As a part of our ongoing research programme, of synthesizing bio-active natural products, in this section we embarked on the total synthesis of Clonostachydiol 1 via two unsymmetrical fragments with trans-double bonds, using a very effective and convenient lactonization for producing the 14-membered ring apart of the macrolactonization using 2-methyl-6-nitrobenzoic anhydride (MNBA) with                  4-(dimethylamino) pyridine (DMAP).
The retrosynthetic analysis indicates that the target molecule can be synthesized independently two fragments 2 and 3. Both the fragments 2 and 3 were joined together by Yamaguchi coupling reaction followed by using Shiine’s conditions, having made both the fragments from same starting material 5 (Scheme 1).       


















 


Synthesis of Clonostachydiol:  
Our initial effort for the synthesis of Clonostachydiol 1 begins with racemic epichlorohydrin 5 as the readily available starting material. Accordingly, (±) epichlorohydrin 5 was converted to MPM protected glycidol (±) 7 by treating with NaH and MPMOH in THF at 0ºC in 82% yield. The hydrolytic kinetic resolution of the racemic epoxide (±) 7 (1eq.) with 0.55 eq. of H2O in the presence of 0.003 mol% (salen) Co(III) (OAc) complex [(S,S)-N,N-bis-(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamino-Co(III)-acetate] afforded chiral epoxide 8 (45% yield) and diol 9 after 36h of stirring at room temperature (Scheme 2). 

 
                                                  
                                                        


The chiral epoxide 8 was reduced to secondary alcohol 10 with LiAlH4 at room temperature in 90% yield. The secondary alcohol 10 was then protected as a benzyl ether 11 using sodium hydride and benzyl bromide in THF followed by deprotection of p-methoxybenzyl group using ceric ammonium nitrate in acetonitrile:water (1:1) to give the primaty alcohol 12 in 91% yield. The alcohol 12 was oxidized under Swern oxidation conditions to afford aldehyde 13 in 85% yield. Aldehyde 13 subsequently treated with (ethoxy carbonylmethylene) tri phenyl posphorane in dry Benzene at reflex conditions to furnish (E)-, unsaturated ester 14 in 92% yield (Scheme 3).
The - unsaturated ester 14 was reduced to allylic alcohol 15 in 86% yield using DIBAL-H in dry THF at -25ºC. Sharpless asymmetric epoxidation of 15 afforded the epoxy alcohol 16 in 89% yield. The epoxy alcohol 16 was converted to the corresponding epoxy iodide 17 by treating with 2 equivalents each of iodine and triphenylphosphine and 2.5 equivalents of imidazole in a mixture of dry ether and acetonitrile in 3:1 ratio at 0oC in 91% yield.  Compound 17 was converted to a secondary allylic alcohol 4 in 90% yield by refluxing with activated zinc, sodium iodide in methanol. The compound 4 was coupled with methyl acrylate in the presence of 5 mol% of second generation Grubbs catalyst in dichloromethane to afford the desired trans product 18 in 89% yield. The secondary alcohol 18 was protected as a TBS ether using t-butyldimethylsilyl chloride and Imidazole in dichloromethane at 0oC to afford product 19 in 90% yield. Finally exposure of 19 with DDQ (aq. CH2Cl2) gave the fragment 2 in 85% yield (Scheme 4).

The pure regioselective opening of epoxide 8 with grignard reagent, derived from allyl chloride to furnish alcohol 20 in 93% yield. Hydroxyl protection of 20 with MOMCl and DIPEA in the presence of a catalytic amount of TBAI afforded the methoxy methyl ether 21 in 92% yield. Sharpless asymmetric dihydroxylation using with AD-mix α furnish the diol 22 in 78% yield. The compound 22 was reacted with one eq. of p-TsCl and TEA in dichloromethane to give the monotosylated compound 23 in 89% yield. The compound 23 was converted to secondary alcohol compound 6 in 91% yield with LiAlH4 in THF (Scheme 5). 








The alcohol 6 was protected as benzyl ether 24 in the presence of sodium hydride and benzyl bromide in THF give 92% yield. In compound 24 the p-methoxybenzyl group was deprotected using ceric ammonium nitrate in acetonitrile:water (1:1) to yield the primaty alcohol 25 in 90% yield. The alcohol 25 was oxidized under Swern oxidation conditions to afford aldehyde 26 in 86% yield. Aldehyde 26 subsequently treated with (ethoxy carbonylmethylene) tri phenyl posphorane in benzene at reflex condition to furnish the Wittig product 27 with (E)-geometry in 91% yield. Ethyl ester 27 was converted to acid 3 with LiOH in the presence of aqueous THF to give 86% yield (Scheme 6).










Having made both the fragments 2 and 3 successfully, they were then subjected to esterification under Yamaguchi conditions using 2,4,6- trichlorobenzoyl chloride, TEA in CH2Cl2 at room temperature to furnish 28 in 70% yield. Benzyl ether of 28 was cleaved by DDQ in CH2Cl2-H2O to afford 29 in 90% yield. Selective removal of the ethyl ester group in 29 with LiOH in THF-H2O gave seco-acid 30 in 70% yield. This seco acid 30 was eventually cyclized to form the 14-membered ring lactone using a effective mixed-anhydride method involving MNBA and DMAP to give the product 31 in 60% yield (Scheme 7). 








The conversion of the compound 31 to the Chlonostachydiol 1 was then carried out through deprotection of the TBS group and MOM group in the presence of 2% Con.HCl in EtOH to give 85% yield (Scheme 8).



The structure of the Clonostachydiol 1 was confirmed by comparing its spectral and physical data with the natural product and also with previous synthetic report. The spectroscopic analysis and optical rotation value were in agreement with the data reported in literature. 
In summary, in this section we have described a concise and highly stereoselective synthetic route for the synthesis of Clonostachydiol 1 using a readily available (±) epichlorohydrin 5 as a starting material. The synthesis involves direct and straightforward reactions such as the epoxide formation from sharpless asymmetric epoxidation, iodination and epoxide opening stereoselectively with allyl magnesium chloride and Sharpless asymmetric dihydroxylation.












CHAPTER-II
Section A: In this section A described an introduction to cancer including some potent anticancer marine macrolides, approaches cited in the literature towards the synthesis of bryostatins, including the total syntheses and stereoselective synthesis of the C17-C27 fragment of the bryostatins from readily available starting material.
	Bryostatin and its 20 related biologically active marine macrolides which exhibits exceptional antineoplastic activity against lymphocytic leukaemia, B-cell lymphoma, reticulum cell sarcoma, ovarian carcinoma, and melanoma are presently undergoing phase II clinical trials.  The antineoplastic activity in combination with low toxicity has made this class of compounds as chemotherapeutic candidates. Bryostatins first isolated by Pettit in 1982 from a species of marine algae, Bugula neritina. This highly oxygenated marine macrolide shares the basic skeleton of all the bryostatins having several distinctive features such as three pyran rings, a 26-membered lactone, two exocyclic unsaturated esters, and one trans olefin, have aroused renewed interest among the synthetic organic chemists worldwide (Figure 1).









Section B: In this section B we described our ongoing research programme, the synthesis of biologically important and rare substance Brostatin 10. 
Accordingly, the disconnection approach provides two major segments 2 and 3 as the key intermediates for the total synthesis of Bryostatin10.  Fully funtionalized bryostatin 10 can be accomplished by pettit in 1987. Our retrosynthetic analysis for  C17-C27 fragment of Bryostatin 10 reveals that the control of exocyclic olefin geometry in trans-fashion could be accomplished by a radical reaction sequence followed by dehydration.  The stereogenic center present at C26 can be established by Jacobsen’s hydrolytic kinetic resolution (Scheme 1).



















Synthesis of C17-C27 fragment
Our synthetic target was based on the commercially available (±)-epichlorohydrin 8 as the starting material. Accordingly, (±) epichlorohydrin 8 was converted to MPM protected glycidol (±) 9 by treating with NaH and MPMOH in THF at 0ºC in 81% yield. The solvent free kinetic resolution of the racemic epoxide (±) 9 (1eq.) with 0.55 eq. of H2O in the presence of 0.003 mol% (salen) Co (III) (OAc) complex [(S, S)-N, N – bis - (3, 5-di-tert-butylsalicylidene) – 1, 2 - cyclohexanediamino – Co (III) - acetate afforded chiral epoxide 10 (45% yield) and diol 11 after 36h of stirring at room temperature. The enantiomeric purity of the chiral epoxide 10 was calculated as 96% employing chiral HPLC technique (Scheme 2).

The chiral epoxide 10 was reduced to secondary alcohol 12 using LiAlH4 in THF at room temperature in 83% yield. The alcohol 12 was protected as benzyl ether 13 using sodium hydride and benzyl bromide and deprotection of p-methoxybenzyl group using ceric ammonium nitrate in acetonitrile:water (1:1) to yield the primary alcohol 14 in 85% yield. The alcohol 14 was oxidized under Swern oxidation conditions to afford aldehyde 15 in 85% yield. Under chelating condition, in the presence of MgBr2.OEt2, aldehyde 15 was allowed to react with allylmagnesium bromide to afford 7 in 88% yield (Scheme 3).









The alcohol group of 7 was then protected as its benzyl ether, so as to afford compound 16. Compound 16 was then subjected to a Sharpless asymmetric dihydroxylation reaction with AD-mix β to obtain diol 17 in 80% yield. The compound 17 reacted with 1eq. of p-TsCl and TEA in dichloromethane for overnight stirring to gave the monotosylated compound 18 in 78% yield. The compound 18 was converted to epoxide 19 in 75% yield with K2CO3 in MeOH (Scheme 4).

The metallation on methyl propionate (n-BuLi, THF, -78C) followed by the addition of BF3.OEt2 and epoxide 19 afforded the desired alcohol 6 in 80% yield. The compound 6 on treatment with NBS and ethylvinylether in dichloromethane at 0oC afford bromoacetal 20 in 88% yield. The compound 20 was subjected to free radical cyclization using freshly distilled n-tributyltinhydride (1.1eq.), catalytic amount of azobisisobutyronitrile as a radical initiator in refluxing toluene to afford cyclic ethyl acetal 21 in 92% yield with trans double bond. 











Accordingly, ethyl acetal was deprotected from compound 21 with 80% aqueous acetic acid solution under reflux conditions at 55-60ºC to get the free lactol 22 in 82% yield.  The lactol 22 was oxidized under Dess-Martin periodinane oxidation conditions to afford lactone 23 in 85% yield. 2D NMR spectrum of lactone 23, showed that the olefinic proton correlating with CH2 protons, which were adjacent to carbonyl of lactone of compound 23 (Scheme 5).
Accordingly α,β-unsaturated ester 21 was reduced to unsaturated alcohol 24 in the presence of DIBAL-H with 82% yield. The unsaturated alcohol group of 24 was then protected as its benzyl ether, so as to afford 25 in 90% yield. Accordingly, ethyl acetal of 25 was deprotected with 80% aqueous acetic acid under reflux conditions gave the free lactol 26 in 80% yield (Scheme 6).







 


To get C17-C27 fragment 3 of bryostatin10, an aldol condensation was carried out on lactol 26 with isobutyraldehyde 4 in the presence of LDA conditions. In this reaction starting material lactol 26 remained same. Again the reaction was carried out at different LDA equallents (4.5eq., 10eq., 20eq.). The required product 3 was not formed (Scheme 7).  




After a bow trials lactol 26 was subjected to oxidize Dess-martin periodinane oxidation conditions to afford the lactone 4 in 80% yield (Scheme 8). 





The aldol reaction carried out on lactone 4 with isobutyraldehyde 5 or methyl isobutyrate 27 in different equalents of LDA conditions was also failed to get compound 3 or 28 (Scheme 9).    









The same aldol reaction was carried out on lactone 4 with isobutyronitrile 29 and isobutyraldehyde hydrazine derivative imine 31 in LDA conditions. In this conditions also failed to get desired product 30 or 32 (Scheme 10). 








The lactol 26 was protected as its thioether in presence of catalytic amount of BF3.Et2O with 1, 3-propanedithiol in dichloromethane conditions to give the desired product 33 in 75% yield. The free secondary hydroxyl compound 33 was protected as its MOM-Cl and Ethyldiisopropylamine in dichloromethane at room temperature to afford 34 in 83% yield. Compound 34 was refluxed in the presence of excess MeI in acetone:water (9:1) solvent system to afford aldehyde 35 in 70% yield (Scheme 11).


 





An aldol condensation on compound 35 with methyl isobutyrate 27 using 4.5 equivalents of LDA (freshly prepared in situ, from 4.5 equivalents of n-BuLi and 5 equivalents of DIPA at -78ºC -0ºC) not resulted the desired product 36 (Scheme 12)..npredicted sede product n of the valents of DIPA at -78 at 9.






In summery, an efficient method for the construction of C17-C27 fragment of Bryostatin10 has been studied. In addition, stereoselectivity in olefin geometry at C21 and chirality at C23, C25 and C26 was successfully achieved by our synthetic pathway.


CHAPTER-III
Nucleophilic addition reactions of p-quinones-An expedient synthesis of substituted quinones and hydroquinones: One class of aromatic diketones in which the carbon atoms of the carbonyl groups are part of the ring structure. The name quinone is applied to the whole group. Quinones are not aromatic, but are dienes. The carbonyl groups are ketone-like. This structure plays an important role in theories of chemical structure and colours, since quinones occur as pigments in bacteria, fungi, and certain higher plants. The biologically active quinones with isoprenoid side chains include members of the vitamin K, vitamin E and coenzyme Q families. Substituted hydroquinones are versatile intermediates in organic synthesis. Substituted hydroquinones are significant biologically important compounds and have wide applications in asymmetric synthesis. Quinones undergo Michael addition with nucleophile in the presence of quinone or nucleophile activators (Scheme 1). 

























	Bi(OTf)3-catalyzed allylation of quinones with Allyltrimethylsilane:
The allylation of quinones is an important reaction for the preparation of biologically active isoprenoid quinones such as vitamin E, vitamin K, coenzyme Q, and plastquinones, which play a vital role in biological processes including electron transport, blood clotting and oxidative phosphorylation. Functionalized quinones are not only important in the biosynthesis and metabolism of natural phenols but are also useful as synthetic precursors to naturally occurring quinones and alkaloids. The allylation of quinones are generally carried out with allylsilanes using acid catalysts such as titanium tetrachloride and lithium perchlorate in diethyl ether. Recently, bismuth (III) triflate has attracted the interest of synthetic organic chemists because it is inexpensive and can be easily prepared even in multi-gram scale, in the laboratory from commercially available bismuth (III) oxide and triflic acid. 
In this report, we wish to highlight our results on the allylation of quinones with allyltrimethylsilane using a catalytic amount of Bi(OTf)3. The treatment of p-benzoquinone 1a with allylsilane in the presence of 2 mol% Bi(OTf)3 afforded the corresponding 2,5-diallylhydroquinone 2a in 75% yield (Scheme 2).


       

Similarly, various substituted p-quinones reacted smoothly with allyltrimethylsilane to produce the mono-allylhydroquinones in high yields. Furthermore, the allylation of naphthoquinones with allyltrimethylsilane in the presence of Bi(OTf)3 gave the corresponding allyl substituted naphthoquinones.

	Bi(OTf)3 or InBr3-catalyzed conjugate addition of indoles to p-quinones: a facile synthesis of 3-indolyl quinones: 
The 3-indolylbenzoquinone fragment is a core structure in a number of biologically active natural products such as asterriquinones. The asterriquinones and dimethylasterriquinones exhibit a wide spectrum of biological activities including antitumor properties and are inhibitors of HIV reverse transcriptase. Asterriquinone A1 has been shown to arrest the cell cycle in G1 and promote apoptotic cell death. Recently, asterriquinone has been reported as an orally active non-peptidyl mimetic of insulin with antidiabetic activity. All these properties apparently stem from the ability of asterriquinones to either promote or prevent protein–protein interactions. Bisindolyl quinones have been isolated from a wide range of fungi, including Aspergillus terreus, Chaetomium sp., and Pseudomassaria sp. In this section, we wish to describe a simple, convenient and efficient protocol for the synthesis of indol-3-ylbenzoquinones using a catalytic amount of Bi(OTf)3 or InBr3 under mild conditions. For example, treatment of 2,5-dichloro-p-benzoquinone 1b with indole 3a in the presence of 2 mol% of Bi(OTf)3 or InBr3 lead to the formation of 3-indolyl-2,5- dichlorohydroquinone 4a in 85% yield (Scheme 3). Similarly, treatment of different quinones with different indoles afforded the corresponding indol-3-yl hydroquinones in good yields.






	Ionic Liquids-promoted addition of aryl sulfinic acids to p-quinones: a green synthesis of diaryl sulfones:
The conjugate addition of aryl sulfinic acids to p-quinones to form carbon-sulfur bonds constitutes a key reaction in biosynthetic processes as well as in organic synthesis. Organosulfur compounds have become increasingly useful and important in drugs and pharmaceuticals, the development of simple, convenient and environmentally benign approaches are desirable. The simple and direct method for the synthesis of 2,5-dihydroxydiaryl sulfones involves the nucleophilic addition of aryl sulfinic acids to p-quinones and is generally catalyzed by an acid or a base catalyst. In recent years, 2nd generation air and moisture stable room temperature ionic liquids such as [bmim] BF4 and [bmim] PF6 are being used as green solvents for the immobilization of transition metal based catalysts, Lewis acids and enzymes. They are referred to as ‘designer solvents’. In this article, we describe a novel use of ionic liquids for the conjugate addition of benzene sulfinic acid to different types of p-quinones to produce diaryl sulfone in high yields under mild and neutral conditions (Scheme 4). 




The ionic liquid was further washed with ether and reused several times without further purification. In all cases, the reactions proceeded efficiently at room temperature in [bmim] BF4 ionic liquid without the need of any additional acid catalyst. The reaction was studied in both hydrophilic [bmim] BF4 and hydrophobic [bmim] PF6 ionic liquids and [bmim] BF4 was found to give the best results.

	Bi(OTf)3-catalyzed acylation of p-quinones: a facile synthesis of acylated hydroquinones
Hydroxyhydroquinones are widely distributed in nature and are known to possess a broad spectrum of biological activities. Many functionalized hydroxyhydroquinones are extensively used as anti-oxidants, in the photo-industry and as polymeric materials. The Thiele–Winter acetoxylation is one of the most simple and straightforward approaches for the synthesis of the triacetoxyaromatic precursors of hydroxyquinones. We wish to report a procedure for the synthesis of 1,4-diacylated-2-acetoxylated hydroquinones using a catalytic amount of Bi(OTf)3 under mild conditions. Thus, treatment of p-benzoquinone 1a with excess acetic anhydride in the presence of 2 mol% of Bi (OTf)3 resulted in the formation of 1,2,4-triacetoxybenzene 6a in 91% yield (Scheme 5).



The triacetate derived from menadione is a precursor of phthiocol, an antibiotic isolated from Mycobacterium tuberculosis. In all cases, the reactions proceeded rapidly at room temperature with high efficiency. As a solvent, acetonitrile appeared to give the best results. The method works well with both electron-donating as well as electron-deficient benzoquinones to give the corresponding triacetates. In conclusion, we describe a simple and highly efficient protocol for the preparation of 1, 2, 4-triacetylated hydroquinones via Thiele–Winter reaction using bismuth (III) triflate as a novel catalyst.

	Organic Synthesis in water: Green protocol for the conjugate addition of thiols to p-quinones
Organic reactions in water have received considerable attention primarily because of its environmental acceptability, abundance and low cost. The catalyst-free preparation of sulfido hydroquinones in water is desirable as the tight legislation on the maintenance of greenness in synthetic pathways and processes demand us to prevent waste, avoid the use of hazardous auxiliary substances and minimize energy requirements. The Michael addition is an important transformation and apart from its versatile applications in synthetic organic chemistry, it plays a crucial role in biosynthesis and synthesis of bioactive compounds. In this report, we wish to highlight our results on the Michael addition of thiols to quinones in the water media without any catalyst. Thus, treatment of p-benzoquinone 1a with ethanethiol 7a gave the 2-(ethylthio) benzene-1,4-diol 8a in 94% yield (Scheme 6).






Similarly, different thiols reacted smoothly with different p-quinones to give the corresponding thioethers. Water activates the thiol as well as the p-quinone and thereby facilitates the Michael addition. In summary, this paper describes an efficient protocol for the synthesis of diaryl sulfides and aryl alkyl sulfides in water.

	Water-Promoted conjugate addition of amines to p-quinones:
p-Quinone derivatives exist widely in nature and exhibit various important biological activities. A number of procedures either based on activation of donar amine by a base or activation of the acceptor olefins with Lewis acids have been developed. The development of simple and cost-effective procedures would extend the scope of this reaction. The serious environmental impact associated with the use of volatile organic solvents in chemical transformations has led to the quest for safer green solvents. Although water is gifted with several advantages over other solvents when environmental acceptability is considered, including cost and safety, until recently the potential of water in organic synthesis has not been thoroughly explored. Thus, the use of water instead of organic solvents has gained importance as an essential component of the development of sustainable chemistry. 
In this report, we wish to highlight our results on the conjugate addition of amines to p-quinones in the water media without any catalyst. Several primary and secondary amines underwent smooth additions with p-quinones in water and in absence of catalyst. Thus, the treatment of 1, 4-naphthaquinone (2mmol) 1c with n-propylamine (2mmol) 9a in water (5 ml) at room temperature resulted 10a in 95% yield (Scheme 7). The reaction was complete in a very short time (5 min). Tertiary amines did not undergo in this reaction conditions. 







	Bi(OTf)3-catalyzed conjugate addition of aromatic alcohols to p-quinones: a facile synthesis of diaryl ethers:
The formation of carbon-oxygen single bond is one of the most widely used functional group transformation in organic synthesis. The conjugate addition is an important transformation and apart from its versatile applications in synthetic organic chemistry, it plays a crucial role in biosynthesis and synthesis of bioactive compounds. Bismuth triflate has evolved as a remarkable Lewis acid catalyst for effecting various organic transformations. Compared to lanthanide triflates, bismuth triflate is cheap and is easy to prepare even in a multi-gram scale, from commercially available bismuth oxide and triflic acid. We wish to report a procedure for the synthesis of diaryl ethers by using a catalytic amount of Bi(OTf)3 under mild conditions. Several aromatic alcohols underwent smooth additions with p-quinones in the presence of Bi(OTf)3 as a catalyst. Thus, the treatment of 1, 4-naphthaquinone 1c with phenol 11a in the presence of 2 mol% of Bi(OTf)3 resulted in the formation of 12a in 91% yield (Scheme 8).
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